Cores from the Eocene Alba Field of the Outer Moray Firth, UKCS contain sandstone injections and bedding-parallel fibrous 'beef' veins. Both of these features are associated with high fluid pressure and the process of hydraulic fracturing. The orientation of the hydraulic fractures (along which sand injection occurred, or calcite precipitated) was controlled by the interplay of the stress field and the intrinsic anisotropy of the sediments. Seismic sections indicate that sand injection occurred on a larger scale than is apparent from the cores. Interpreted dykes (400 m long by 30 m wide) emanate from the margins of the Alba channel sandstone along fault planes. An analogy is drawn between these dykes, and the peripheral dykes formed at the margins of laccoliths as a result of the flexing and subsequent fracturing of the overlying strata. 'Decompacting' of ptygmatically folded dykes suggests that the process of hydraulic fracturing and sandstone intrusion initiated between burial depths of 40 to 400 m below seabed.
INTRODUCTION
The pervasive development of normal faults within the Paleocene to Miocene mudrock-dominated section of the Central North Sea Basin has been described by various authors (Henriet et al. 1991; Higgs & McClay 1993; Cartwright 1994a, b; Cartwright & Lonergan 1996; Cartwright & Dewhurst 1998; Dewhurst et al. 1999; . The faults are organized in polygonal arrays and it has been argued that they formed as a result of hydraulic fracturing of mudrocks during burial (Cartwright 1994b; Cartwright & Lonergan 1996) . Within this model, the escape of compaction-driven pore fluids was restricted by the low permeability of the mudstonedominated interval. This resulted in elevated pore fluid pressure and undercompaction. The continued build up of pore fluid pressure during burial facilitated fracturing of the mudrocks when the failure envelope (or fracture gradient) was reached. Another possible explanation for the formation of the polygonal fault network is that fracturing was associated with syneresis and accompanying shrinkage (Cartwright & Dewhurst 1998; Dewhurst et al. 1999; . The latter process has been dismissed by Goulty (2001) , who advocates fracturing of the mudrocks in accordance with the Mohr-Coulomb failure criteria associated with a low coefficient of friction.
The rocks described in this paper are Eocene sediments of the Outer Moray Firth, associated with the Alba Field (Block 16/26; Fig. 1 ). Although primarily a mudstone-dominated section, discontinuous ribbon-like deep-marine channel sandstones are present and these constitute prolific hydrocarbon reservoirs (Newton & Flanagan 1993) . A study of core material from the Alba Field by the present authors has revealed an array of structures that developed as a result of hydraulic fracturing and the associated fluid escape. Deformation within the mudstone intervals includes both tensile and shear fractures at high angles to the primary lamination, as well as beddingparallel fibrous calcite veins ('beef'). Post-depositional modification of sandstone units is manifested as a complex suite of bedding concordant and discordant injections of varying geometries, these sandbodies appearing to have exploited fracture sets present within the surrounding mudstone Cosgrove & Hillier 2000) .
Before describing the various structures listed above in detail and discussing their implications regarding the stress state, depth and physical properties of the sediments at the time of their formation, it is necessary to consider briefly two aspects of hydraulic fracturing and the stress field likely to exist in a sedimentary basin even though a detailed discussion of these topics is outside the scope of this paper. These are (i) hydraulic fracturing in anisotropic rocks and (ii) the orientation and type of fracture (extensional or shear) that forms.
HYDRAULIC FRACTURING IN ANISOTROPIC ROCKS
The shales in which the Alba sand body is situated are anisotropic as a result of a well developed sub-horizontal bedding fabric. In addition there are sub-vertical fractures (interpreted as extensional fractures) and fractures inclined to bedding which are interpreted as shear fractures. Thus at any particular depth there may be several possible fracture sets that can be exploited as fluid escape paths. The fluid may be pore waters, hydrocarbons or fluidized sands, and the rocks of the study area contain an impressive array of sandstone injections which have been injected along all three fracture sets, i.e. normal, parallel and oblique to bedding. It is instructive to consider the factors that determine which of the various fracture sets will be exploited by the fluid. Clearly, in regions where the strength of the sediments is too small to allow extensional failure, sand may be intruded either along the bedding, along pre-existing shear fractures in the country rock or along newly formed shear fractures associated with the processes of hydraulic fracturing, fluidization and dyke intrusion.
In regions where the strength of the sediment is sufficiently large to allow the possibility of extensional failure then, because in the study area the least principal compressive stress is horizontal, there is a further possibility, namely that the dykes may be injected along vertical extensional fractures. Which of the various possibilities occurs depends primarily on the differential stress and the tensile strength across the various potential injection paths (Cosgrove 1995) . Hydraulic fracture along any plane occurs when the pore fluid pressure, P FLUID is greater or equal to the tensile strength (T) of the rock normal to that plane and the normal stress ( ) acting across it, that is:
In an isotropic rock this condition is first met along a plane perpendicular to the least principal stress 3 . In a mechanically anisotropic rock, such as a laminated claystone, the tensile strength varies with direction, being greater parallel to bedding (T p ) than it is normal to it (T n ). Thus, for hydraulic fractures to form parallel or normal to bedding the following criteria must be reached respectively:
In a stress environment where 1 is vertical it follows from these equations that for vertical hydraulic fractures to form Equation (3) must be satisfied first and for horizontal fracturing, i.e. fractures opening against 1 Equation (2) must be satisfied first. It follows from these equations that for hydraulic fracturing to occur normal to 1 the difference between the tensile strength parallel and normal to bedding must be greater than the differential stress.
In the case where the differential stress is equal to (T p − T n ), then fractures would form both normal and parallel to lamination. Thus, a study of fractures and sand injections from core could enable their relationship to bedding to be determined and thus which of the above scenarios occurred.
DESCRIPTION OF INJECTED SANDBODIES IN
CORE Within the Eocene Alba Sandstones of the study area, Newton & Flanagan (1993) recognized two discrete facies, namely the 'Bedded Sand', and the 'Injected Sandstone Facies' (the Fluidized/remobilized facies of Duranti et al. 2000) . The Bedded Sand comprises the dominant hydrocarbon reservoir within the Alba Field. It locally exceeds 300 ft in thickness, with an average porosity of 35%, permeability in excess of 1 D and net-to-gross ratio approaching unity (Mattingly & Bretthauer 1992; Newton & Flanagan 1993; . Wireline logs through this facies demonstrate a classic 'box-car' motif, implying sharp lithological changes at the base and tops of the sandstone bodies (Fig. 2) , a fact verified by core observations. In core, the Bedded Sandstone is dominated by dish and pillar structures, amalgamation surfaces and rare traction current features. The Bedded Sand is interpreted as being deposited from high density gravity flows within a deep-water submarine channel, with post-depositional modification of the sands resulting from pore-fluid escape (Newton & Flanagan 1993) . Sandstone composition from both facies is similar, being moderate to poorly sorted, very fine-to finegrained quartz arenites (locally micaceous sub-lithic and subfeldspathic quartz arenites). Detrital clay content varies from 0 to 5%.
Of primary interest in this study is the Injected Sandstone Facies. This facies is typically (though not always) observed to lie stratigraphically above the Bedded Sandstone Facies. This facies is locally oil bearing, having a lower net-to-gross ratio than the Bedded Sand Facies due to the thin-bedded nature of the sandstone 'beds' (typically decimetre to centimetres thick in core). Sandstone units of this facies exhibit a complex array of geometries (Duranti et al. 2000) , but broadly may be subdivided into two types, namely discordant and concordant intrusions.
Discordant intrusions
Sandstone units that clearly cross-cut primary depositional lamination in cores may be categorized by the angle they describe to the inferred depositional horizontal. Discordant bodies at low angles (0 to 20 ) to depositional layering are termed offshoots (Truswell 1972) , whereas those at moderate to high angles are called dykes. Offshoots are by far the most commonly observed in the cores studied by the present authors, varying in thickness from 2 mm to a few decimetres. Offshoot boundaries are exceptionally sharp with the surrounding mudstone, and may be planar, curvilinear or bulbous in nature (Fig. 3a) . It can be seen from the cores that the dykes sometimes exploit pre-existing fractures and sometimes abut against them (Fig. 3b) . Internally, the sands are almost invariably massive, however, in a few examples a preferential alignment of platy minerals parallel to the base and top of the offshoot can be seen. It is clear from inspection of the cores that many of the dykes formed approximately perpendicular to the primary bedding (Figs 3a, b) . Within the cores, the maximum observed dyke length is 10 cm, with dyke width being 0.2 to 2 cm. Many dykes exhibit a degree of ptygmatic folding, presumably as a result of compaction. Dykes are seen to extend upwards and downwards from both offshoots and concordant intrusions (see following section), and decrease in width when traced from their source. They terminate with well-defined tapered ends (Figs 3a, c) .
A variety of features indicate that the sandstone units described in the previous paragraph are intrusive. These include their discordant relationship to the surrounding mudstones, the thinning and tapering terminations of dykes in the host mudstone (suggesting sand flow from a feeder bed) and the rare flow banding of platy minerals (cf. Peterson 1967) . The bulbous, asymmetrical offshoot bases (Fig. 3a) , sometimes resemble flute or gutter-like sole marks. However, Keighley & Pickerill (1994) have recently described 'flute marks' associated with clastic intrusion from the Carboniferous Port Hood Formation of eastern Canada and it seems clear that such structures are not restricted to primary sandstone bodies.
By measuring the present-day length of the ptygmatic dykes, it is possible to decompact the sediments to their thickness at the time of sandstone injection simply by 'unfolding' the buckled dyke (see Hiscott 1979; Cosgrove 1995) . When carrying out this exercise on dykes in the cores studied by the present authors care was taken to decompact dykes that were originally injected orthogonal to lamination, presumably along tensional fractures. Such analysis shows that the dykes have been compacted by 25 to 40%, implying that since the dykes were injected, the surrounding claystone has lost a similar amount of porosity through compaction. Laboratory measurements of Eocene claystone core plugs at assumed subsurface pressures yield an average porosity of 26%. If one adds the present-day porosity to that lost by compaction, it can be seen that during sand injection the host claystone had a porosity in the range of 50-70%. Although no simple relationship exists between porosity and depth for clay-rich sediments at shallow burial depths (Velde 1996) , by comparing the estimated shale porosity during sandstone injection (50-70%) with data obtained from varous deep-sea drilling projects (Fig. 4) , a range of burial depths can be ascertained for the intrusions observed in the Alba core. It can be seen from Figure 4 , which is a compilation of data from the Ocean Drilling Project, Deep Sea Drilling Project and deep well sources, that the porosity range 50-70% has a corresponding equivalent burial depth of between 40 and 400 m sub-seabed. However, care should be taken when using these data to determine the depth of burial as it is not known whether the sediments represented in Figure 4 have undergone normal compaction (i.e. have not been over-or undercompacted as a result of glacial loading or overpressuring), and thus the porosity versus burial depth data may not be a true estimation of normal compaction trends.
It may be argued that sandstone injection took place at extremely shallow burial depths and that it was triggered by seismic activity or subsequent, rapid deposition of overlying sediments. Whilst this process cannot be ruled out for some (if not all) of the small-scale intrusions, one might expect to see evidence that injected material breached the depositional seabed/water interface. Such evidence might manifest itself in the form of injections terminating abruptly at well-defined erosion surfaces. An exhaustive search through the available core material, however failed to provide any evidence to support this idea.
Concordant intrusions
Concordant sandstone sheets 0.5 to 30 cm thick are commonly observed in the studied cores. Such 'beds' have flat planar bases and tops that parallel the inferred depositional horizontal that is delineated by the flat-laminated mudstone. These sheets have many features which indicate that they are not primary sandstone bodies but have been injected into their present position. For example, the beds show no internal sedimentary structures (e.g. they are ungraded), they often exhibit pronounced lateral thickness changes with single sandstone beds bifurcating into separate concordant bodies split by thin mudstone seams (Figs 3a, b, d) . Further evidence for the intrusive nature of these concordant sand bodies is provided by the isolated angular pebbles and cobbles of mudstone that are commonly observed to float within the sandy matrix (Figs 3b, c) . Such clasts are located at the base, centre and tops of sandstone 'beds' and appear to be identical to the mudstones immediately adjacent to the sand beds. In certain instances it is possible to visually 'remove' the sandstone, and piece together the pre-injection jigsaw of mudstone clasts (Figs 3a,b, c) . Finally, thin, concordant sandstones are seen to terminate with tapered snouts (Fig.  3a) in a manner uncharacteristic of primary sandstone sheets.
Similar concordant sandstones have been ascribed to intrusive processes by Hiscott (1979) from the Ordovician Tourelle Formation in Quebec, and by Archer (1984) from the Ordovician Rosroe Formation of Western Ireland. Both of these examples are from inferred deep-water submarine-fan deposits. The beds are distinguished from conventionaly deposited mass-flow deposits by the absence of any sedimentary structures (for example graded bedding, sole marks or bioturbation), or inferred reworking of bed tops. Analogies with igneous intrusives are drawn with stoped, brecciated upper contacts, abrupt thickness changes, bifurcating beds, abrupt tapered terminations, and close spatial associations with both dykes and offshoots. Indeed, concordant sandstones are seen to jump stratigraphic horizons via discordant features, even over the short lateral distances afforded by the cored sections studied by the present authors.
FLUIDIZATION AND THE FORMATION OF SANDSTONE INJECTIONS
It is generally accepted that hydraulic fracturing and sandstone injection are the result of pore fluid pressure build-up and release within a sedimentary succession as fracture gradients are breached. One can envisage the periodic opening and closing of hydraulic fractures on all scales within an overpressured shale succession associated with the build up and release of fluid pressures. These fractures, which are generally transient, are occasionally preserved by cement precipitating from the escaping pore fluids as the pressure decreases. The occurrence of sandstone injections is another process that can preserve these hydraulic fractures. Sandstone injection relies on the emplacement of sand from an overpressured, unconsolidated 'source' bed. It moves as a fluidized, granular medium into the surrounding, penecontemporaneous hydraulic fractures. The different responses of the sand bodies and the surrounding shales to an increase in fluid pressure reflects their different physical properties (Dott 1966) . In isotropic rocks as burial and compaction progress, so the claystone will develop a fabric and cohesive strength. In contrast, clean sands do not become cohesive until the processes of cementation begin. Thus there will be a stage of burial during which the shales will possess a cohesion and the sand bodies will not. If during this stage, conditions for hydraulic fracturing occur within the shale and sand lenses, the shale will fail by the formation of discrete fractures and the sand will fluidize. Fluidized sand will then be injected into the fractures within the shales wherever these fractures intersect the sandbodies. It will be recalled from the section on 'hydraulic fracturing in anisotropic rocks' that the orientation of the injected sand body is determined by the magnitude of the differential stress and the cohesive strengths across the various fracture sets within the claystone.
BEDDING-PARALLEL FIBROUS CALCITE VEINS
('BEEF') In addition to the sandstone injections mentioned in the previous section another commonly observed feature found within the sediments which relates to high fluid pressures and hydraulic fracturing is that of bedding-parallel veins of 'beef' (fibrous calcite). The fibres are invariably vertical, i.e. normal to the vein sides. The thickness of the veins varies from 1 mm to 45 cm and, within the thicker veins, well developed cone-incone fabrics are found.
The thin, fibrous veins are frequently found to taper out when traced along bedding and often form an anastamosing array, with veins commonly transgressing several millimetres across the bedding to link with bedding-parallel veins at a higher or lower level within the surrounding claystone (Fig. 5a) . The angles at which the fractures transgress vary between 30 and 50 to bedding and the individual length of these thinner fractures is rarely greater than the width of the core (10 cm), although larger, composite veins form by the process of hard-linkage mentioned above. The maximum observed thickness of these arrays is 10 cm and, more often than not, they form adjacent to (either above, below or both) thick veins of fibrous calcite which contain well developed cone-in-cone structures. This association of thick and thin veins suggests a common genesis.
When the cone-in-cone structures are examined in thin section it can be seen that the fibrous calcite crystal aggregates are arranged such that the crystallographic c-axis is parallel to the crystal fibres. As with the thin calcite-cemented fractures, the fibres in the cone-in-cone calcite are vertical, i.e. normal to the fracture walls. Macroscopically the fibres are arranged parallel to the long axes of the interfering cones, whose apices are seen to point upwards in all cases. The margins of the cones are typically defined by claystone intercalations, (the 'cone-cups' of Woodland 1964), petrographically similar to the claystone host rock, and the cones exhibit well-defined corrugations, giving the claystone intercalations a distinct zig-zag appearance.
In only one instance is one of the relatively thick beef veins seen to terminate laterally within a cored section. It does so by subdividing into an array of thin, anastomosing veins, similar to those mentioned above which frequently form above or below the thick beef horizons.
Although predominantly observed within claystones, the beef veins within the studied cores also occur at lithological boundaries, most commonly beneath earlier formed dolomite or ferroan-calcite cemented horizons a few inches thick (Fig.  5b) . The contact between the top of such veins and the earlier cemented zone is typically abrupt but irregular and thin zones of interbedded claystone are common. The base of the vein generally passes gradationally into fractured claystone, the fractures presumably having a common genesis to the veins. Fig. 4 . Porosity-depth relationship for clay-rich sediments at shallow burial depths (from Velde 1996) . Note that the porosity range of 50-70% corresponds to an equivalent burial depth range of 40 to 400 m sub-seabed.
Several origins have been proposed for the formation of calcareous beef, most of which conclude that growth occurred within stressed, partially consolidated sediment (Woodland 1964; Franks 1969; Pettijohn 1975) . Stoneley (1983) suggested that beef may form within compacting claystones as a result of overpressured pore fluids. In this scenario, the low permeability of the claystones retard the escape of pore fluids during compaction. As a result, the interstitial fluids begin to carry part of the overburden load, decreasing the effective normal stress. When the build up of fluid pressure becomes sufficiently large to overcome the overburden stress and cohesion across the bedding plane, sub-horizontal hydraulic fractures occur parallel to bedding. The calcite fibres declare the direction of fracture opening and confirm that they opened in a vertical direction. The vertical crystal fibres in the bedding-parallel beef veins of the study area indicate clearly that they too opened vertically, i.e. against 1 .
The occurrence of beef veins at lithological contacts may be explained by the fact that hydraulic fractures would occur preferentially along such mechanically weak bed boundaries. This explanation can satisfactorily explain the formation of beef horizons directly below the dolomite and ferroan carbonate layers, as their low permeability presumably impeded the vertical migration of fluids, acting as effective, though probably transient, pressure seals. The resulting build up of fluid pressure could result in hydraulic fracturing along the relatively weak claystone/dolomite boundary and the formation of a vein of beef.
It was noted earlier in this section that many of the thicker beef horizons were characterized by cone-in-cone structures and several mechanisms have been proposed for their formation. For example, Richardson (1923) argued that it was a consequence of the crystallisation pressure of the growing calcite, Woodland (1964) that it was the result of flamboyant crystal growth patterns, Maillot & Bonte (1983) suggested that volumetric changes associated with aragonite to calcite transformation may be responsible. Shearman et al. (1972) and MacKenzie (1972) argued that the cone structures may not be a primary texture but the result of re-crystallization texture caused by a later tectonic strain on an original beef horizon. However, the cone structures observed within the cores studied by the present authors are well defined by zig-zagged and conical claystone intercalations and it seems more likely that they represent a primary crystal growth fabric as suggested by Marshall (1982) .
It is clear from this brief discussion that there is still considerable uncertainty regarding the mechanism of formation of the cone-in-cone structures within the beef horizons. However, the importance of these horizons from the point of view of the present paper is that they provide further evidence of fluid pressures sufficiently high to cause bedding-parallel fractures to open vertically, i.e. against the maximum principal compression.
DISCUSSION
Similar observations of clastic injections to those described in this paper have been made in other deep-marine Tertiary sediments of the North Sea, most notably in the Forth/ Harding Field (Alexander et al. 1992; Dixon et al. 1995) , the Balder Field (Jenssen et al. 1993 ) and the Gryphon Field (Jaffri 1993; Newman et al. 1993) . These workers invoke large-scale fluidization of the low cohesion sand resulting in sand remobilization, doming of the overburden, and finally seal breach by sandstone injection. This mobilization changed the depositional geometry of the sandbodies and they are now typically mounded, often fault-bounded structures with over-steepened flanks (Newman et al. 1993; Jenssen et al. 1993; Dixon et al. 1995) . This process has also been advocated by Brooke et al. (1995) , to explain the occurrence of mounded Quaternary, gas-charged sands from the Central North Sea.
Studies of 3D seismic data over the Alba Field have also provided evidence for large-scale sand mobilization Cosgrove & Hillier 2000; Duranti et al. 2000; MacLeod et al. 1999) . Seismic sections having a strike orientated normal to the axis of the main Alba sandstone channel show it to have a mounded geometry. An example is shown in Figure 6 , from the southeast, down-dip aquifer section of the Alba Field. Within the seismic section, the blue horizon represents a regional, well-tied maximum flooding surface termed the 'Blue Marker' (Harding et al. 1990; Newton & Flanagan 1993) . Above this surface is a convex-up zone of high amplitude that corresponds to 51 m of sandstone-bearing interval in the nearby well (22/1b-6). The interpreted well-tied top sandstone surface is the pink horizon, and the base of the sandstone rests close to the Blue Marker. This sandstone unit represents the main Alba Field deep-marine channel system. The convex-up, bell-shaped nature of the sand body is common across the Alba Field, and is thought to be primarily the result of differential compaction of claystones over the main sandstone channel (Cosgrove & Hillier 2000) . Of particular interest to this study are the two high amplitude, high angle, reflectors emanating from the margins of the sandstone channel. These features are seen to be structurally discordant to the well-bedded off-channel mudstone stratigraphy, and dim at approximately 2.06 s TWT. If traced further up-section, it is possible to continue the zone of planar, stratigraphic offset, suggesting that the amplitudes are related to faulting at the margins of a sandstone channel (B-B and that offset by later faulting C-C , Fig. 6 ). Similar 'wings' have recently been drilled, and comprise sandstone up to 20 m thick (MacLeod et al. 1999) . It is probable these units represent significant volumes of sandstone that have been remobilized and injected into penecontemporaneous fault sets. If such large-scale injection has occurred then it is possible that the characteristic bell-shaped channel morphology has probably been accentuated by postdepositional sand remobilization sensu Brooke et al. (1995) . Depth conversion for the area suggests that the dykes penetrate approximately 200 m of mudrocks above the main sandstone channel fairway. True dyke lengths are approximately 400 m, with true maximum dyke thickness of 30 m; dimensions similar to those of MacLeod et al. (1999) .
The positioning of the dykes at the margins of the sandstone channel is analogous to peripheral dykes seen at the margins of some igneous intrusions, specifically laccoliths (Fig. 7a) . Such peripheral dykes owe their origin to differences in longitudinal strain within the bending overburden above the laccolithic igneous intrusion (Pollard & Johnson 1973) . Within such a model, along the upper contact of an intrusion the strain in the overlying beds is contractional at the crest of the structure and extensional at the periphery (Fig. 7) . The most likely site of dyke injection into the overburden will be the sites of maximum extensional strain, namely the zones of maximum bending, in direct contact with the source magma. Such zones are encountered at the periphery of the laccolith or, by analogy, at the MacLeod et al. 1999) . Vertical scale milliseconds TWT.
Fig. 7. (a).
Analogous peripheral dykes at the margins of laccolithic intrusions (Price & Cosgrove 1990 ). (b). Differences in longitudinal strain within a flexed overburden above a laccolithic intrusion (Pollard & Johnson 1973) . The strains are represented by the length of the arrows, and vary from being tensional at the periphery (X) to compressional at the crest (Y). Strains vary from being zero at the neutral surface, to a maximum at the periphery.
margins of the Alba Sandstone channel (Cosgrove & Hillier 2000) .
The measured length of the peripheral dykes at the Alba Field help to constrain the minimum (post-compaction) amount of overburden that must have been present prior to sandstone injection. It may be postulated that the dykes have injected to a level within the overburden termed the neutral surface (Fig. 7) . At this surface, tensional stresses that help facilitate dyke intrusion change to that of compression, therefore making passive intrusion difficult. If the dykes do indeed terminate at the neutral surface, and the dyke length (400 m) is typical for the area, then the theoretical minimum amount of bending overburden over the Alba channel during injection would be double the dyke length, that is 800 m. Note that this figure is over double the maximum injection burial depth generated earlier by decompacting the small-scale sandstone dykes (400 m burial depth, Fig. 4 ). These burial depths proposed for sandstone injection are of the same order of magnitude as those proposed for the Alba Field , and other Tertiary North Sea areas (Cartwright 1994a, b; Brooke et al. 1995; Dixon et al. 1995) .
CONCLUSIONS
Core samples from the Outer Moray Firth contain two features that provide convincing evidence of the existence of high fluid pressures and the occurrence of hydraulic fracturing during the burial of the claystones and channel sands that characterize the Eocene sediments of the Alba Field. These are injected sand bodies and veins of 'beef' (fibrous calcite) parallel to bedding.
The sandstone injections fall into three categories namely, those injected along the bedding (concordant intrusions), those normal to bedding (dykes) and those oblique to bedding (offshoots). Inspection of the cores shows that some of these sandbodies, particularly the dykes have been deformed by buckling. The amount of buckling can be used to estimate the amount of post-injection compaction and this information combined with the present porosity of the rock can be used in conjunction with depth/porosity curves to determine the depth of burial at which injection occurred. Because of the lack of accuracy of the curves and possibly due to several episodes of injection, a range of depths (40-400 m sub-seabed) is obtained.
Small dykes can be seen emanating from bedding-parallel sand injections and these dykes may intrude vertically either upor down-section. Other examples may be found where dykes feed sills. Over the site of the feeder dyke, the sills may locally thicken into laccolith-like bodies.
In addition to the concordant sand injections fibrous veins of calcite are also found parallel to bedding. Both features indicate that fluid pressures were sufficiently high to open bedding planes against the vertical stress imposed by the overburden. The tectonic setting of the region indicates that the vertical stress was and still is the maximum principal compression. It can be concluded from this that at the time of bedding-parallel injection the differential stress was less than the difference between the tensile strength of the claystone parallel and normal to bedding It was noted earlier that in a simple isotropic system, the orientation of hydraulic fractures is always stress controlled but in an anisotropic system there is the possibility of the orientation being controlled by the intrinsic anisotropy. The rocks and sediments of the study area possess a marked bedding-parallel anisotropy and have been subjected to fluid-induced fracturing. It can be seen from the discussion of the hydraulic fracturing of anisotropic materials presented earlier in the paper, that during the formation of the concordant injections and beef veins the fractures were controlled by the material properties of the rock whereas during the formation of the vertical dykes fracturing was controlled by the stress field.
The cores studied also show small-scale injections of sand bodies oblique to the bedding and similar, but much largerscale injections can be seen on 3D seismic profiles. These dykes are approximately 400 m long and 30 m wide and emanate from the lower margins of deep-water channel sands. It is argued that they are analogous to the formation of peripheral dykes around a laccolith.
